This paper presents two complementary methods capable of identifying four wood species (Cedrela fissilis, Ocotea porosa, Hymenolobium petraeum, and Aspidosperma subincanum) both by their volatile organic compounds and by the presence of 10 chemical elements: Al, B, Ca, Mg, Zn, Cu, Mn, Fe, Na, and Si. The volatile compounds were detected by an electronic nose formed by an array of three different conductive polymer gas sensors. The elemental determination was made by laser-induced breakdown spectrometry (LIBS). The emissions measured were treated by principal component analysis (PCA). Leave-one-out analysis showed a rate of hits of 100%.
Introduction
The identification of wood has become an important issue lately due to environmental concerns, since a growing number of species are endangered and should no longer be freely commercialized [1] . The traditional wood identification processes are cumbersome and cannot be performed in loco since they usually involve anatomical, histological, or structural analyses, such as scanning electron microscopy (SEM) [2] and near-infrared (NIR) spectroscopy [3] , requiring the presence of a highly trained professional.
We have recently described chemiresistive gas sensors, based on conductive polymers, for sensing several organic solvents [4] , low-molecular-weight alcohols [5, 6] , and volatile halogenated organic compounds (VHOCs) [7] and also for determining alcohol content in automotive fuel [8] . An array of gas sensors connected to a pattern recognition software is known as electronic nose [9] and can analyse complex mixtures of volatile compounds. Although the most common commercial sensors are made of metal oxide semiconductors (MOSs), recently, conductive polymer-based sensors are becoming more popular because they operate at room temperature, have low power consumption, and offer a wide range of structural variations, which leads to more selective sensor arrays.
Among others, atomic spectrochemical techniques have also allowed the identification, classification, and fingerprinting of products, such as coconut water [10] , wine [11] , and orange juice [12] . It is known that elemental determination is not trivial and in most cases requires sample decomposition before the analysis. Laser-induced breakdown spectrometry (LIBS) has deserved attention due to the possibility to perform a multielemental determination and direct analysis even in solid samples. Godoi et al. [13] , for instance, used the LIBS system for the classification of toys relying on toxic elements. The portable characteristic of this technique makes it useful for in situ analyses, and it has been considered a future super star [14] .
In this paper we report the identification of four different wood species using an electronic nose formed by an array of three chemiresistive sensors based on conductive polymers ( Figure 1 ) and also the recognition and discrimination of the same wood samples through the direct elemental emission of ten chemical elements determined by LIBS. It is worth to note that although the trees of these species can be easily identified by their shapes, branches, leaves, and flowers, this is no longer true once they have been chopped making it difficult to classify them just on simple inspection.
Experimental

Conductive Polymers.
Poly(2-phenyl-1,4-xylylene)(PPPX), poly(4 -hexyloxy-2,5-biphenyleneethylene), (PHBPE), and poly(2-bromo-5-hexyloxy-p-phenylenevinylene) (BHPPV) were synthesized according to the literature procedures [15] , [7] and [16] , respectively.
Preparation of the Sensors.
Solutions containing 2.5 mg of each of the above polymers (PPPX, PHBPE, and BHPPV), 0.7 mg of dodecylbenzenesulfonic acid (DBSA) and 0.7 mL of chloroform were prepared. Then, polymer films of ∼1 µm thickness were deposited by spin coating 40 µL of these solutions onto interdigitated electrodes, previously prepared by conventional lithography, having an interdigitated area of 1 cm 2 and 20 µm gaps between digits ( Figure 2 ).
Wood Samples. Samples of Cedrela (Cedrela fissilis) and
Brazilian walnut (Ocotea porosa) were obtained from the Botanical Department of the Instituto de Biociências da Universidade de São Paulo. Angelim (Hymenolobium petraeum) and Perobinha (Aspidosperma subincanum) samples were obtained from the Madeiras Pinheiro Ltda. These samples were cut into parallelepipeds measuring 3.0 cm × 3.0 cm × 1.5 cm each (total surface of 36 cm 2 ) and stored in separate hermetically sealed plastic bags. Just before each experiment, the samples were sandpapered in order to expose the volatile compounds.
E-Nose Measurements.
A pneumatic assembly for dynamic sampling, as shown in Figure 3 , was used for the measurements. Thus, the sensors were exposed to the headspace of each wood sample, kept at 30
• C, for 5 s (exposure period; valves 1 and 2 open, valve 3 closed), then to dry air for 35 s (recovery period; valves 1 and 2 closed, valve 3 open). The airflow was maintained constant at 0.5 L min −1 . The tests were repeated ten times for each of the four samples. The conductance of the sensors was continuously monitored with accurate conductivity meters [17] , operating with 80 mV peak-to-peak 2 kHz triangle wave AC voltage and connected via a 10 bit analog to digital converter to a personal computer.
LIBS Measurements.
Experiments were performed with a Q-switched Nd:YAG laser (Brilliant, Quantel, France) at 1064 nm, generating 5 ns pulses of (365 ± 3) mJ in a 6 mm diameter beam with quality factor M2 smaller than 2, at 10 Hz repetition rate. The laser pulses were focused on the wood sample by a convergent lens with 2.54 cm diameter and 20 cm focal length (Edmund Optics, USA). The plasma emission was collected by a telescope composed of 50 mm and 80 mm focal length fused silica lenses (LLA, Germany) and coupled to the spectrometer optical fiber (1.5 m, 600 µm core). The telescope collection angle with respect to the laser optical axis was 25
• . A model ESA 3000 spectrometer (LLA Instruments GmbH, Germany) with the Echelle optics and focal length of 25 cm, which provides a 24.5 × 24.5 mm 2 flat image plane, was used. The detector is an ICCD camera, comprised of a Kodak KAF 1001 CCD array of 1024 × 1024 pixels full frame (24 × 24 µm 2 ) and a microchannel plate image intensifier of 25 mm diameter coupled to a UVenhanced photocathode. The image signals are digitalized in dynamic range of 16 bits and further computer processed. The dark current of the ICCD was automatically subtracted from the measured spectral data. The selection of LIBS operating conditions was consisted on 30 laser pulses per site, 300 mJ per pulse, 17.5 cm lens-to-sample distance, 5 µs integration time gate, and 2 µs delay time.
The same wood samples reported at the e-nose measurements were used for the LIBS measurements. The sample was placed in the sample holder of the ablation unit, which was assisted by a two-axe manually controlled translation stage that moved in the plane orthogonal to the laser direction and using the same procedure described elsewhere [13] . The spectral regions were selected (Al(I) = 308. 
Chemometrics. Principal component analyses (PCA)
were performed using Statistica 10.0 (StatSoft Inc., USA). Leave-one-out analysis was performed using DimReduction (GNU) [18] . The analyses were carried out using, separately, the relative responses (Ra) = (G max − G o )/G o , where G max is the maximum conductance and G o is the initial conductance of the sensors values, and emission measurements at the wavelength reported in Section 2.4 without any prior preprocessing and scaling as the input of the mathematical algorithms.
All data were recorded in triplicate for each independent sample in a random order. For the LIBS experiments, each replicate represented the mean of ten measurements performed for each sample in different parts of the wood (total of 30 measurements per sample).
Results and Discussion
E-Nose.
Three different polymers were used to compose the array of gas sensors. Both PPPX and PHBPE are poly(pxylylene) derivatives that contain small conjugated units (biphenyls) and BHPPV is a poly(p-phenylenevinylene) derivative. All the polymers bear side groups that enhance solubility in organic solvents, which is an important feature for film processing. Doping with dodecylbenzenesulfonic acid (DBSA), a Lewis acid with good miscibility with the polymers, was performed to produce electrically conductive films deposited by spin coating onto interdigitated electrodes. It is worth mentioning that although there is no extended conjugation through the polymer chains of PPPX and PHBPE, the presence of the biphenyl units (six conjugated double bonds) ensures doping and electrical conductivity [19] .
The change in conductance of the sensors was monitored during several cycles of exposure (sniff) to the headspace of wood samples confined in the sample chamber ( Figure 3 ) followed by exposure to fresh dry air until complete recovery of the sensors. As can be seen in Figure 4 , each sensor gave a different reversible response, both in shape and intensity, on exposure to a particular wood sample.
The relative responses (Ra) were calculated for each cycle for all the sensors and woods and gathered in a data set formed by three columns (Ra1, Ra2, Ra3) and 40 lines (ten cycles for each wood sample). A three-dimensional scatter plot of these data ( Figure 5 ) revealed four separated clusters, one for each type of wood. It is worth to mention that a leaveone-out analysis [20] of this set of data gave a rate of hits of 100%.
The sensors have been tested daily for over six months and still respond in the same way. This fact becomes even more relevant considering the total cost of each sensor, which is less than US$ 10.
LIBS.
The application of chemometric analysis to discriminate the wood species based on conductance measurements was clearly illustrated above. A second purpose of the work is try to use the Al, B, Ca, Mg, Zn, Cu, Mn, Fe, Na, and Si emission measurement obtained by LIBS to evaluate similarities and differences between these four wood species studied previously.
For PCA, a model was obtained using three principal components (PCs), which explained up to 97.19% of variance between the four samples analyzed. The PC1, PC2, and PC3 are responsible for 44.91, 26.31, and 25.97% of the variance, respectively. The differentiation between the samples or the variables can be seen in the scores and the loadings graphics ( Figures 6 and 7 , resp.). In Figure 6 , four clusters were obtained, each cluster in one quadrant. The analysis of the loading plots revealed that the variables responsible for the classification of the woods are the emission intensities of Fe, Na, Si, and Al for Angelim; B for Perobinha; Ca for Cedrela; Cu, Zn, Mn, and Mg for Brazilian walnut. 
Conclusions
A low-cost conductive polymer-based portable electronic nose formed by an array of only three gas sensors was very efficient (100% rate of hits) in the identification of four different Brazilian commercial woods: Cedrela (Cedrela fissilis), Brazilian walnut (Ocotea porosa), Angelim (Hymenolobium petraeum), and Perobinha (Aspidosperma subincanum).
The same wood samples could be also perfectly identified by laser-induced breakdown spectrometry (LIBS), measuring the emission of ten elements: Al, B, Ca, Mg, Zn, Cu, Mn, Fe, Na, and Si.
Both methods may be of great help in the protection of endangered wood species, since they can be used in loco and present short analysis time.
